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Abstract

Targeted delivery of cancer therapeutics offers an exciting new opportunity for utilization
of controlled polymerization techniques. However, a major obstacle in achieving the
desired therapeutic effect is facilitating endosomal release of active agents following
endocytosis. Peptides and pH-responsive polymers have been utilized as a means of
triggering endosomal release via phase transition-induced membrane disruption.
Unfortunately, the fidelity by which the pKa of these polymers/peptides can be varied is
limited, such that it reduces their versatility in altering the phase transition point to best
match the endosomal pH of a particular cell-type. Herein, we report the controlled
polymerization of library of methacryloylsulfonamide derivatives via reversible additionfragmentation chain transfer (RAFT) polymerization that exhibit a range of
physiologically relevant pKa’s. Polymerization control was observed by noting the low
polydispersity indices of the polymers along with the linear progression of Mn with time
during the polymerizations for methacryloylsulfacetamide, methacryloylsulfabenzamide,
and methacryloylsulfamethazine. RAFT chain transfer agent degradation and a loss of
polymerization control were observed for methacryloylsulfamerazine,
methacryloylsulfadiazine, methacryloylsulfadimethoxine, methacryloylsulfadoxin, and
methacryloylsulfamethizole.

Key Words: living radical polymerization, controlled polymerization, RAFT
polymerization, pH-responsive
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CHAPTER I
INTRODUCTION
Free Radical Polymerization
Principles of Radical Polymerization
Free radical polymerization is one of the most widely used techniques for the
polymerization of vinyl monomers. Particularly robust, it is tolerant of a wide variety of
functional groups and reaction conditions. Conventional radical polymerizations proceed
through three phases of reaction:1 initiation, which involves the generation of radicals;
propagation, during which monomer molecules add to a growing polymer chain; and
termination, which involves the consumption of radicals. Chain transfer, an additional
reaction involving the abstraction of an atom or group by a propagating chain that
transfers the radical species to a new molecule, may also occur (Scheme I-1).

1

Scheme I-1. Mechanism of conventional radical polymerization.

Initiation. Radicals can be generated by several mechanisms, most involving the
input of energy to induce homolytic dissociation of an initiating species. In the case of
thermal polymerizations, either peroxides or azo compounds are typically used as
initiators (Scheme I-1). Controlled polymerizations most commonly utilize azo initiators
due to their lower predisposition towards grafting side reactions compared to peroxide
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initiators.2 The initiation phase involves two separate reactions: dissociation of the
initiator and addition of the initiator to a monomer molecule.

Scheme I-2. Homolytic dissociation of (1) peroxide initiators and (2) azo
initatiors.

Propagation. After the first monomer addition to initiator, subsequent monomer
additions result in a growing polymer chain and are considered propagation steps.
Propagation continues until either monomer is exhausted or termination occurs.
Termination. Radical termination primarily occurs by one of two mechanisms:
combination or disproportionation. Combination involves the coupling of two radicals on
separate chains to generate a σ-bond between the chains and can be experimentally
observed as an approximate doubling of the polymer’s molecular weight.3
Disproportionation is a more complex process by which a propagating chain abstracts a
group from the carbon directly adjacent to another chain’s radical to yield a dead chain
and an olefin-terminated chain (Scheme I-2).

3

Scheme I-3. Mechanism of termination by disproportionation.

Chain transfer. A chain transfer reaction is one in which a propagating radical is
transferred to a previously unreactive species or a different site on the propagating chain.
There are four types of chain transfer: chain transfer to monomer, polymer, solvent, and
chain transfer agent.3 Chain transfer reactions to monomer and solvent stop propagation
of active chains and restart it on small molecule species, having the effect of reducing the
average polymer molecular weight. Chain transfer reactions to polymer primarily occur
on the polymer backbone, thereby initiating points of branching. Finally, chain transfer
agents can be deliberately introduced as a means of controlling certain polymerization
parameters.3

Living radical polymerization
Although conventional radical polymerization (characterized as containing only
monomer and initiator as reagents) is effective at producing high molecular weight
polymers from vinyl monomers and is an extremely important commercial technique, the
short active chain lifetime (~1 s) and broad molecular weight distribution make it
unsuitable for synthesizing polymers of a precise composition.4 Living radical
polymerization techniques circumvent these issues by slowing the rate of propagation
relative to the rate of initiation (ki >> kp) and suppressing chain transfer and termination
steps. Under these conditions, active chains initiate simultaneously, and polymerization
4

rates are slow enough such that precise molecular weights can be targeted; the lack of
termination and chain transfer steps preserves linear conversion kinetics. Several
techniques have historically achieved these requisites: polymerizations mediated by
initiator-transfer agent-terminators (iniferters),5 stable free radical polymerization
(SFRP),6,7 atom-transfer radical polymerization (ATRP),8,9 and reversible additionfragmentation chain transfer (RAFT) polymerization.10

RAFT Polymerization
Introduction. RAFT polymerization in traditional organic media was developed
by Rizzardo at CSIRO in 199810 and was later expanded to include aqueous media
(aRAFT) by McCormick in 2001.11 A degenerative chain transfer technique, it involves
the mediation of thiocarbonylthio-containing compounds known as chain transfer agents
(CTAs) to reduce the average polymer molecular weight and polydispersity of the
system. One of the most significant distinguishing features of RAFT polymerization is its
remarkable tolerance of monomer functionality: polymerizations of neutral, cationic,
anionic, and zwitterionic monomers have been reported.12

Scheme I-4. General structure of a RAFT CTA.

Chain transfer agent. As the primary mediator in a typical RAFT polymerization,
the CTA structure significantly influences reaction kinetics. It consists of two
5

components: the Z-group and the R-group (Scheme I-4). Common Z-groups include pure
alkyl or aryl groups in the case of dithioesters (1), alkyl sulfides in the case of
trithiocarbonates (2), and alkoxides in the case of xanthates (3). The Z-group
predominantly affects the kinetics of monomer addition to CTA due to its stabilizing or
destabilizing effect on the main radical intermediate.13 Dithioesters, particularly those in
which Z is an aryl substituent, are the most stabilizing groups and therefore most greatly
predispose the CTA towards addition. Trithiocarbonates are viewed as moderately
stabilizing, and xanthates are the least stabilizing of these three classes of CTAs.
Judicious CTA selection often involves matching the stability (and therefore reactivity)
of the propagating radical with the stability of the intermediate radical. If the propagating
radical is significantly more reactive than the intermediate radical, the CTA intermediate
will be unable to fragment and conversion will be limited. Conversely, having too
reactive of a CTA intermediate will result in a loss of control over the polymerization.
The R-group, although not as influential on overall CTA reactivity as the Z-group,
determines the rate of fragmentation and can also affect control over the
polymerization.14 An effective R-group is one that can both readily undergo homolytic
cleavage while still effectively reinitiating propagation.12

6

Scheme I-5. Proposed mechanism of RAFT polymerization.

Mechanism and kinetics. Shortly after demonstrating the first RAFT
polymerization, the CSIRO group proposed the currently accepted mechanism (Scheme
I-5) using electron spin resonance spectroscopy to detect intermediate radicals.15 As
shown in the main equilibrium scheme, propagation only occurs when a growing chain
fragments from the CTA. Good control is achieved when chains spend a relatively short
amount of time in the propagation step compared to the inactive, CTA-bound form (kadd >
kdiss).
The kinetics of RAFT polymerization was also largely formulated by CSIRO in
the early 2000s.16 While the exact kinetics of the process is not fully understood, an
7

approximate rate equation can be formulated. Taking into account two considerations: [1]
the chain transfer to CTA reaction involves, in stepwise fashion, addition of a radical to
the thiocarbonyl, formation of the radical intermediate, and fragmentation to form a new
radical, and [2] fragmentation occurs fast enough that it should have no effect on the
overall polymerization rate, the rate law can be formulated as follows:
[ ]

[ ](

)

Solving the differential equation yields the following relation between monomer
concentration and time:
[ ]

([

]

)

[

(

)]

(1)

Therefore, when the natural logarithm of the ratio (starting monomer concentration /
measured monomer concentration) is plotted against the time of measurement, the
resultant curve should be linear and have a slope equal to the apparent polymerization
rate constant multiplied by radical concentration.
[

]

The relationship between degree of polymerization, DPn, and starting monomer and CTA
concentrations is given by:
[ ]
[

(2)

]
[ ]

where

[ ]

[ ]

Combining equations 1 and 2, the required polymerization time to achieve a given degree
of polymerization is:
([

[ ]
]

[

]

)
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(3)

Initialization period. As previously mentioned, the kinetics of RAFT
polymerization is still not fully understood, particularly the underlying mechanism of the
pre-equilibrium phase. Although it may be tempting to consider the pre-equilibrium
merely the first step in the main equilibrium, the different reactivities of initiator and Rgroup radicals in comparison to propagating polymer radicals can result in starkly
different reaction rates of each. This effect is commonly manifested as an “initialization
period,” or a period of time during which no conversion is observed, but after which
conversion proceeds normally. Using 1H NMR to measure the concentration of unreacted
CTA and one- and two-monomer adducts, Klumperman found that this initialization
period persisted until one monomer molecule added to each CTA molecule, after which
normal kinetics were observed.17 Interestingly, this effect is only observed for certain
monomer-CTA combinations and its origin is still a subject of intense debate.
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Stimuli-Responsive Polymers
Introduction
The most basic definition of a stimuli-responsive polymer is a polymer designed
such that a specific effect occurs under specific conditions. Stimuli-responsiveness can be
manifested in a variety of ways, such as changes in confirmation, solubility, and
supramolecular structure, in response to a variety of stimuli, such as pH, electric
potential, heat, light, and chemicals.18 Because response to stimulus is one of the most
fundamental properties of living organisms, polymers facilitating these effects have
gained significant attention. RAFT polymerization, with its remarkable breadth of
functional group compatibility and reaction conditions, has been successfully used to
synthesize a large variety of stimuli-responsive systems.19

pH-Responsive Polymers
pH-responsive polymers can be prepared using either acid-containing or basecontaining monomers, and are particularly attractive because the human body contains
numerous pH gradients that could possibly be utilized for beneficial effect. These
polyacids and polybases commonly exhibit pH-responsiveness in a pH range near the pKa
or pKb of the polymer. As they must necessarily dissolve in aqueous solution, aRAFT
polymerization is highly suitable for synthesizing both of these polymer types.
Acid-containing polymers. Acrylic acid (AA) and, to a lesser extent, methacrylic
acid (MAA) are both often utilized to prepare anionic polymers20,21 and are
polymerizable by both traditional and aqueous RAFT polymerization.12 Self-assembly of
such has been reported as early as 1995. For example, styrene-acrylic acid copolymers
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were found to self-assemble into spheres, rods, lamellae, vesicles, and reverse micelles in
aqueous solution.22 Vinylbenzoic acid (VBA) derivatives have also been copolymerized
and self-assemble above pH 7.23
Amine-containing polymers. Amine-containing cationic polymers are the second
major class of pH-responsive copolymers. Aminolysis of the RAFT CTA originally
posed a challenge to the controlled polymerization of amine-containing monomers, but
the advent of aqueous RAFT polymerization provided a solution to this issue.
McCormick found that buffering the polymerization solution to pH = 5.5 reduced the rate
of aminolysis to a negligible degree.24 This innovation allowed the controlled
polymerization of a variety of amine-containing polymers, with later studies examining
the polymerization of similar monomers when the N-alkyl groups were altered.19,26,27

Sulfonamide-containing polymers. The sulfonamide functional group (-SO2NH-)
imparts useful pH-responsive properties to compounds in which it is incorporated. The
sulfonamide proton is significantly more acidic than the corresponding amide proton, and
different derivatives contain protons labile at different pH values depending on the
derivatives’ pKa values. Many sulfonamides are water-soluble in the deprotonated form
(pH > pKa), and are insoluble in the protonated form (pH < pKa) (Figure 1). Sulfonamidebased

polymers

are

ideal

candidates

for

developing

tunable

pH-responsive

macromolecular systems due their biocompatibility, and the availability of a diverse
library of derivatives encompassing a wide range of pKa values.
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Figure I-1. Illustration of a sulfonamide polymer’s pH-responsive phase transition with
corresponding pKa values of selected analogues.

Sulfonamide-containing methacrylamides (methacryloylsulfonamides) can be
readily polymerized into the polymers depicted in Figure I-1. Bae28 first prepared
poly(methacryloylsulfonamides) by conventional free radical polymerization (Mw =
81,000-112,300 g/mol). Studies of the polymer pKa values indicated that pKa tended to
increase as sulfonamides were converted to methacryloylsulfonamides and eventually
polymethacryloylsulfonamides. Phase transitions were found to occur at pH values
slightly higher than the pKa.28
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CHAPTER II
OBJECTIVES OF RESEARCH
Stimuli-responsive polymers offer many potential applications in the fields of
nanotherapeutics, material science, and environmental science, among others. Developing
a library of functionally similar polymers that exhibit stimuli-responsiveness at different
pH values would be highly beneficial in improving the applicability of pH-responsive
materials for different demands. Not only do methacryloylsulfonamides meet this
requisite, their precursors (common sulfa drugs) are readily available and are easily
converted to vinyl monomers. The overall objective of this research is to demonstrate the
controlled polymerization of a variety methacryloylsulfonamides into pH-responsive
polymers.
Specific research objectives are as follows:
(1) Synthesis methacryloylsulfonamide monomers in both high yield and high
purity
(2) Demonstrate the compatibility of the sulfonamide group with RAFT
polymerization
(3) Determine the relationship between sulfa drug pKa and that of its
corresponding methacryloylsulfonamide

This research can be divided into three sections: monomer synthesis, pKa studies, and
polymerization studies. The first section (monomer synthesis) required adapting an
existing synthetic method by Bae28 to achieve the desired purity. In the second section
(pKa studies) each methacryloylsulfonamide was titrated to determine its pKa value,
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which was then compared to the corresponding sulfa drug’s pKa value. In the final
section, kinetic studies were performed for each monomer to determine the extent of
control. Nuclear magnetic resonance (NMR) spectroscopy was used to monitor monomer
concentrations throughout the polymerization to generate kinetic plots, and gel
permeation chromatography (GPC) was used to monitor molecular weight and
polydispersity control.

14

CHAPTER III
MATERIALS AND METHODS
Materials
All chemicals were purchased from Sigma-Aldrich or Fisher and were used as
received unless otherwise indicated. Methacryloyl chloride was vacuum distilled and
stored under argon at -20°C. 4,4’-Azobis(isobutyronitrile) (AIBN) was recrystallized
twice from methanol. Dimethylformamide (DMF) was degassed with stirring under
vacuum for 30 minutes prior to usage. Nuclear magnetic resonance (NMR) spectra were
recorded on a Varian Mercury 300 MHz spectrometer equipped with VNMR software.
Gel permeation chromatography (GPC) was performed using an Agilent 1100 Series
standard auto-sampler injection system equipped with a Viscotek T60A light scattering
detector and a Viscotek VE 3580 refractive index detector in DMF/0.02 M LiBr eluent.

15

2

1

3

Scheme III-1. Synthesis of a generic methacryloylsulfonamide.

Methacryloylsulfonamide synthesis
A 250-mL round-bottom flask was charged with sulfonamide (1) (40.0 mmol) and
160 mL of a 1:1 (v:v) mixture of 0.5 M sodium hydroxide solution and acetone and
cooled to 0°C. Methacryloyl chloride (2) was added dropwise over 30 minutes followed
by additional stirring at 0°C for 60 min. The mixture was acidified to pH = 3 with 1 M
HCl, and the acetone removed via rotary evaporation. The product was isolated as a solid
by vacuum filtration and washed with an additional 100 mL of dilute HCl. Anhydrous
methacryloylsulfonamide (3) was obtained by subjecting frozen solids to lyophilization
for 2 days.

Methacryloylsulfadoxin (4). Yield: (14.10 g, 93%). 1H NMR (300 MHz, DMSO) δ 10.15
(s, 1H), 8.10 (s, 1H), 7.91 (dd, J = 24.0, 8.9 Hz, 4H), 5.82 (s, 1H), 5.55 (s, 1H), 3.87 (s,
3H), 3.68 (s, J = 8.0 Hz, 3H), 1.92 (s, 3H). M.P. 198°C
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Methacryloylsulfadimethoxine (5). Yield: (14.72 g, 97%). 1H NMR (300 MHz, DMSO)
δ 11.50 (s, 1H), 10.17 (s, 1H), 7.86 (s, 4H), 5.92 (s, 1H), 5.82 (s, 1H), 5.57 (s, 1H), 3.77
(s, 3H), 3.73 (s, 3H), 1.92 (s, 3H). M.P. 217°C (decomp.)

Methacryloylsulfadiazine (6). Yield: (< 60%) 1H NMR (300 MHz, DMSO) δ 10.42 (s,
1H), 8.76 (d, J = 4.9 Hz, 2H), 8.15 (dd, J = 8.9 Hz, 4H), 7.30 (t, J = 4.9 Hz, 1H), 6.09 (s,
1H), 5.84 (s, 1H), 2.20 (s, 3H). M.P. 234°C - 235°C (decomp.)

Methacrloylsulfamerazine (7). Yield: (12.63 g, 95%) 1H NMR (300 MHz, DMSO) δ
10.12 (s, 1H), 8.29 (d, J = 5.1 Hz, 1H), 7.88 (dd, J = 23.6, 8.9 Hz, 4H), 6.88 (d, J = 5.1
Hz, 1H), 5.81 (s, 1H), 5.55 (s, 1H), 2.29 (s, 3H), 1.92 (s, 3H). M.P. 246°C - 247°C
(decomp.)

Methacryloylsulfamethazine (8). Yield: (13.39 g, 97%). 1H NMR (300 MHz, DMSO) δ
10.10 (s, 1H), 7.86 (dd, J = 28.2, 8.6 Hz, 4H), 6.74 (s, 1H), 5.81 (s, 1H), 5.55 (s, 1H),
2.23 (s, 6H), 1.92 (s, 3H). M.P. 234°C (decomp.)

Methacyrloylsulfabenzamide (9). Yield: (12.89 g, 94%). 1H NMR (300 MHz, DMSO) δ
10.22 (s, 1H), 7.92 (dd, 4H), 7.83 (d, J = 7.2 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.47 (t, J =
7.6 Hz, 2H), 5.84 (s, 1H), 5.58 (s, 1H), 1.93 (s, 3H). M.P. 228°C (decomp.)
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Methacryloylsulfacetamide (10). Yield: (10.06 g, 89%). 1H NMR (300 MHz, DMSO) δ
10.20 (s, 1H), 7.86 (dd, J = 9.0 Hz, 4H), 5.84 (s, 1H), 5.58 (s, 1H), 1.93 (s, 3H), 1.89 (s,
3H). M.P. 203°C - 205°C

Methacryloylsulfamethizole (11). Yield: (13.50 g, 99%). 1H NMR (300 MHz, DMSO) δ
10.13 (s, 1H), 7.78 (dd, J = 39.3, 8.8 Hz, 4H), 5.83 (s, 1H), 5.55 (s, 1H), 2.43 (s, 3H),
1.92 (s, 3H). M.P. 215°C (decomp.)
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Scheme III-2. A generic methacryloylsulfonamide (3) and the following library:
methacryloylsulfadoxin (mSDOX) (4), methacryloylsulfadimethoxine (mSDMX) (5),
methacryloylsulfadiazine (mSDZ) (6), methacryloylsulfamerazine (mSMR) (7),
methacryloylsulfamethazine (mSMZ) (8), methacryloylsulfabenzamide (9),
methacryloylsulfacetamide (10), and methacryloylsulfamethizole (mSMT) (11.
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Polymerization conditions

Scheme III-3. Chain transfer agent (CPDT) (12), initiator (AIBN) (13), and
internal standard (1,3,5-trioxane) (14) used in the polymerization of
methacryloylsulfonamides.

General procedure for RAFT polymerization kinetic analysis
All polymerizations were carried out in DMF at 1.0 M monomer concentration in
individual septa-sealed Schlenk flasks that were purged of oxygen by 3x freeze-pumpthaw cycles. RAFT CTA 2-cyano-2-propyl dodecyltrithiocarbonate (CPDT) (12) and
AIBN (13) were used for all polymerizations. The monomer:CTA:initiator ratio was kept
constant at 200:1:0.2. Trioxane (14) was added as an internal standard to aid in monomer
concentration determination for kinetic analysis.

Analytical Techniques
Monomer pKa determination
Methacryloylsulfonamide (0.025 mmol) was weighed into a 25-mL volumetric
flask, dissolved in 0.500 mL of 0.1 M NaOH (0.050 mmol), and diluted to volume with
DI H2O. The solution was purged with N2 to remove any dissolved CO2. The solution
was then titrated using 0.05 M HCl with a Metrohm Titrino autotitrator. The
methacryloylsulfonamide pKa was determined by measuring the solution pH after 0.5
equivalents of acid had been added past the equivalence point.
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Kinetic analysis
Aliquots (0.1 mL) were taken at predetermined intervals until the reaction time
reached 10 hours. Aliquots were quenched by exposure to air and freezing in liquid
nitrogen. A 100-μL fraction of each aliquot was dissolved in 0.5 mL DMSO-D6 and
analyzed by 1H-NMR spectroscopy. The change in area of the vinyl monomer peak (δ =
5.84) relative to that of the internal standard was used to determine monomer
concentration with respect to time.

20

CHAPTER IV
RESULTS AND DISCUSSION
Monomer Titration

SMT

mSMT

Figure IV-1. Overlaid titration curves for SMT (upper trace) and its methacrylamide
analogue, mSMT (lower trace).

Representative titration curves for a sulfonamide and a methacryloylsulfonamide
dissolved in NaOH solution are depicted in Figure IV-1. Each compound was dissolved
in NaOH and titrated with HCl. The initial portion of the titration curve up to the
equivalence point therefore represents the titration of excess NaOH. The results of these
titrations for each sulfonamide and methacryloylsulfonamide are summarized in Table
IV-1.
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Table IV-1. Summary of monomer and respective sulfa drug precursor pKa values.
Monomer
mSAC
mSBZ
mSDMX
mSDOX
mSMT
mSDZ
mSMR
mSMZ

Avg. pKa
4.88
4.51
5.75
5.44
5.19
6.12
6.66
7.33

STD Dev.
0.01
0.01
0.01
0.01
0.03
0.02
0.02
0.02

Precursor pKa
5.2729
4.2030
6.0829
5.8130
5.2929
6.4329
6.8029
7.4929

A comparison of sulfonamide and methacryloylsulfonamide pKa values shows
that converting the starting material to a methacrylamide monomer generally makes the
compound more acidic (lower pKa). This observation is consistent with fundamental
principles; the electron-withdrawing methacrylamide group is less electron-donating than
the unsubstituted amino group. The only exception to this trend is mSBZ. It was observed
that mSBZ precipitated out of solution before the titration could be completed due to
mSBZ’s lower solubility than other monomers. As aggregate formation would inevitably
lead to the entrapment of ionized monomer, the overall quantity of mSBZ titrand would
be reduced, increasing its observed pKa. Interestingly, Bae reports conflicting results,28
showing that conversion of sulfonamide to methacryloylsulfonamide increases the
observed pKa. However, we are inclined to disagree with these findings considering the
results reported herein are consistent across most monomers and agree with fundamental
principles.
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Polymerization Kinetic Analysis

10 h
8h
6h
4h
2h

Figure IV-2. Representative GPC traces (left) and pseudo-1st order kinetic plot (right) for
the successful controlled RAFT polymerization of mSBZ.

The results for the RAFT polymerization of methacryloylsulfonamide monomers
were inconsistent in that the polymerizations of certain monomers were uncontrolled.
Figure IV-2 shows idealized GPC and kinetic data for a controlled polymerization of
mSMT. The narrow, unimodal GPC traces and the linear pseudo-1st order kinetic plot
indicate a successful RAFT polymerization. For the given conditions, mSAC, mSBZ, and
mSMT were polymerized in a controlled fashion as their characterization data (Figures
A-1, A-2, A-3) fit these relationships.
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Figure IV-3. GPC traces of mSMT, representative of an uncontrolled polymerization.

Monomers mSMT, mSMR, mSDZ, mSDOX, and mSDMX were not as wellcontrolled under the experimental conditions. Although the kinetic plots for each are
approximately linear, GPC traces showed signs of shouldering (Figure IV-3). We
hypothesize that the RAFT CTA is degrading during the polymerization based on the loss
of reaction color over time. Most RAFT CTAs are brightly colored species (including
CPDT), but degrade in the presence of nucleophiles to colorless thiols (Scheme IV-1).
The loss of reaction color over time therefore indicates that the active CTA moiety is
being degraded.

Scheme IV-1. Degradation of a RAFT CTA.
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Our hypothesis for the source of CTA degradation depends on the observation
during monomer synthesis that a protic solvent was required to suppress the undesired
reaction of the sulfonamide group with methacryloyl chloride (Scheme IV-2). Although
the sulfonamide group is significantly less nucleophilic than the aryl amine, it is still able
to react under conditions that lead to its ionization. Fortunately, the nucleophilicity of this
ionized group can be suppressed in protic solvents due to the hydrogen bonding
interaction between solvent molecules and the sulfonamide anion increasing the energy
barrier to side reaction B such that it does not significantly compete with the desired
reaction A. However, our polymerizations were conducted in aprotic solvents, which do
not produce this beneficial suppression. We therefore hypothesize that under current
conditions, a small equilibrium exists between neutral and ionized monomer, and that the
ionized monomer is attacking and degrading the CTA. This hypothesis is leading us to
currently investigate conducting room temperature polymerizations as a means to
suppress this equilibrium.

Scheme IV-2. Possible reactions of a sulfonamide during monomer synthesis. Reaction
A involving the aryl amine leads to the desired monomer. Reaction B involving the
sulfonamide group is an undesired side reaction.
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CHAPTER V
CONCLUSIONS

The three main objectives of this research were to: (1) efficiently synthesize
methacryloylsulfonamide
methacryloylsulfonamides,

monomers,
and

(2)

(3) demonstrate

determine
the RAFT

the

pKas

polymerization

of
of

methacryloylsulfonamides.

I. Monomer synthesis
High monomer purity is essential for maintaining the integrity of the RAFT
process. Fortunately, nearly all monomers were synthesized in high purity at >80% yield.
Some monomers required additional recrystallization to achieve the desired purity, which
detrimentally

impacted

the

experimental

yield,

but

sufficient

quantities

for

polymerization were still obtained.

II. Monomer pKa determination
We found that converting sulfa drugs to methacryloylsulfonamides generally
decreased the pKa, making the compounds more acidic as summarized in Table IV-1, and
observation that is consistent with expectations. This indicates that the addition of a
methacrylamide group does not significantly alter the sulfonamide’s acid-base reactivity
and that a polymer should behave similarly. In the case of mSBZ, which exhibited an
increase in pKa, we observed that premature precipitation prevented accurate results from
being obtained.
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III. Polymerization studies
RAFT polymerization as a technique was shown to be compatible with
sulfonamide containing vinyl monomers. Unfortunately, a set of reaction conditions that
would allow the controlled polymerization of all studied monomers was not found due to
CTA degradation issues. Linear 1st order kinetics were observed for all polymerizations,
but multimodal GPC traces and loss of reaction color were also observed for the
polymerization of mSMR, mSDZ, mSDMX, mSDOX, and mSMT. These issues must be
overcome if sulfonamide-containing polymers are to be viable for pH-responsive
architectures.

IV. Future Directions
The data reported herein indicates that we have not yet achieved an acceptable
level of polymerization control for all methacryloylsulfonamides. Based on the
aforementioned ionization hypothesis, we intend to conduct room temperature
polymerizations as a means of minimizing the equilibrium concentration of ionized
monomer. We will also investigate the usage of a xanthate-based CTA to compensate for
the reduced reactivity of propagating radicals at lower temperatures.
After the polymerization of each monomer is optimized, we will determine the
pH-dependent solubility of each polymer by performing titration in conjunction with realtime turbidity measurements. We will then prepare representative block copolymers to
demonstrate the viability of chain extension for methacryloylsulfonamides.
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APPENDIX

GPC Traces and Pseudo-1st Order Kinetic Plots

Figure A-1. Overlaid GPC traces and pseudo 1st order kinetic plot for the controlled
RAFT polymerization of mSAC.
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Figure A-2. Overlaid GPC traces and pseudo 1st order kinetic plot for the controlled
RAFT polymerization of mSBZ.
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Figure A-3. Overlaid GPC traces and pseudo 1st order kinetic plot for the controlled
RAFT polymerization of mSMZ.
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Figure A-4. Pseudo 1st order kinetic plot for the controlled RAFT polymerization of
mSMR.

Figure A-5. Pseudo 1st order kinetic plot for the controlled RAFT polymerization of
mSDZ.
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Figure A-6. Overlaid GPC traces and pseudo 1st order kinetic plot for the controlled
RAFT polymerization of mSDMX.
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Figure A-7. Pseudo 1st order kinetic plot for the controlled RAFT polymerization of
mSDOX.
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Figure A-8. Overlaid GPC traces and pseudo 1st order kinetic plot for the controlled
RAFT polymerization of mSMT.
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